Carcasses of wild animals are often visited by different scavengers. However, determining which scavenger caused certain types of bite marks is particularly difficult and knowledge thereof is lacking. Therefore, a loop-mediated isothermal amplification (LAMP) assay (target sequence cytochrome b) was developed to detect red fox DNA in carcasses of harbour porpoises. The MSwab™ method for direct testing without prior DNA isolation was validated. As a detection device, the portable real-time fluorometer Genie ® II was used, which yields rapid results and can be used in field studies without huge laboratory equipment. In addition to in vitro evaluation and validation, a stranded and scavenged harbour porpoise carcass was successfully examined for red fox DNA residues. The developed LAMP method is a valuable diagnostic tool for confirming presumable red fox bite wounds in harbour porpoises without further DNA isolation steps.
Introduction
When it comes to forensic studies it is not only important to confirm the actual "offender", but also to identify and distinguish between predation and postmortem scavenging. Haelters et al. [1] described a case of a live stranded harbour porpoise (Phocoena phocoena), which had suffered several injuries. However, these wounds did not meet the typically described injuries of grey seal (Halichoerus grypus) attacks, which are known to hunt harbour porpoises [2] . These injuries usually appear as "puncture injuries left by teeth and claws; strips of blubber removed or hanging loose; sometimes muscle partly removed" [1] . Several investigations demonstrated that harbour porpoises are victims of attacks from grey seals [2] [3] [4] [5] [6] and in some cases, the DNA of grey seals was isolated from the bite marks of harbour porpoises and confirmed via PCR [2, 3] . However, in the case study of Haelters et al. [1] , the authors suspected that certain PLOS ONE | https://doi.org/10.1371/journal.pone.0184349 September 1, 2017 1 / 13 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
wounds were caused by a red fox scavenging the animal. Unfortunately, it was not possible to prove this assumption because a PCR yielded negative results. Similar problems occurred on harbour porpoises collected through the stranding network of Schleswig-Holstein, Germany where some wound patterns could not be assigned properly. In this context, IJsseldijk and Geelhoed [7] published video recordings showing a red fox actually fed on the carcass of a harbour porpoise. However, red fox DNA detection within the wounds was not performed. Due to the fact that the injuries inflicted by grey seals and red foxes can be confused ("fat and muscle tissues removed; straight wound margin; bite wound in skin and bones" (A. van Neer, pers. comm., March 2017)), for aquatic wildlife researcher it is of great importance to know if the bite marks are related to a grey seal or a red fox. In these cases molecular identification using LAMP (loop-mediated isothermal amplification) assays can be helpful for verification where the predator species identification is only based on bite marks. The approach of the present study was therefore to establish a novel DNA detection method that is easy to perform, sound, fast and which can be used during forensic field studies without heavy laboratory equipment. Whereas PCR based methods are time-consuming and special equipment is needed, the LAMP assay is a highly specific method which initially used four different primers [8] . Nagamine et al. [9] optimised the LAMP method to include six different primer pairs with two additional loop primers, which ultimately led to an acceleration of the reaction and markedly increased the sensitivity [9] . With the six designed primers a number of eight distinct sequences can be recognised. Moreover, the LAMP method can be performed at a constant temperature and will be complete after 30 minutes. A portable real-time isothermal fluorometer Genie 1 II (Optigene, United Kingdom) can be used as a detection device during field studies to facilitate and accelerate reliable results. The LAMP method is already validated for various topics in many research areas. In the field of food safety, bacterial pathogens [10] and fungal contaminants [11] were detected and in case of urgent human health issues, evidence of emerging pathogens like tuberculosis [12] or zika virus disease [13] were possible. Furthermore, identifying animal species in meat products, such as ostrich or pork, was conducted with the LAMP technology [14, 15] .
To save even more time and make the system more practical, a swab method, described by Abdulmawjood et al. [14] , was evaluated to determine the DNA without a previous DNA isolation step.
In the present study, a target sequence of the cytochrome b gene of red fox (Vulpes vulpes) was selected, primers were designed and the LAMP method was validated in vitro and successfully tested on a harbour porpoise which had been stranded on the coastline of Northern Germany and showed possible red fox bite marks. These are typically deep, focal, the blubber being penetrated with bleeding occurring in the underlying tissue [1] . Applying this method it was possible to identify the red fox as a scavenger by directly testing swab samples without previous DNA isolation.
Materials and methods

Design of LAMP primer set
Six specific LAMP primers (forward outer primer VV-CY-F3, backward outer primer VV-CY-B3, forward inner primer VV-CY-FIP, backward inner primer VV-CY-BIP, forward loop primer VV-CY-LoopF and backward loop primer VV-CY-LoopB) were designed using PrimerExplorer V4 (Eiken Chemical Co., Japan). A comparison of the two cytochrome b sequences of red fox and dog was performed, using the Basic Local Alignment Search Tool (BLAST) of the National Center for Biotechnology Information (NCBI) (Maryland, USA). For the breed beagle (Canis lupus familiaris), which was considered as a model species, the accession number AY729880.1 and for the red fox (Vulpes vulpes) the accession number AM181037.1 were used. The alignment of the cytochrome b sequences of beagle and red fox resulted in the gene sequences of both animals being 84% identical (Fig 1) . The homology for the fox amplicon against the canine amplicon was 85%. The differences in the cytochrome b nucleic acid sequence of red foxes and dogs were considered in the selection of a species-specific primer set. All primers were synthesised by Eurofins Genomics (Ebersberg, Germany). A detailed list of the primer sequences is given in Table 1 .
Positive and negative control material
The DNA was isolated from muscle samples of Vulpes vulpes (n = 5) which were provided by the Institute for Terrestrial and Aquatic Wildlife Research, University of Veterinary Medicine Hannover, Foundation. The muscle samples of Canis lupus familiaris were obtained from the Institute of Pathology, University of Veterinary Medicine Hannover, Foundation. The red fox samples came from the North Sea Coast off Germany (region Eiderstedt). As there are numerous dog breeds in Germany, which can be considered as scavengers, different dog breeds and crossbreeds (n = 19) as representative examples for the variety of breeds in Germany, were investigated (S1 Table) . All samples were thoroughly dissected by the staff members of the institutes named above.
MSwab™ method
The MSwab™ system (Copan Italia S.p.A., Brescia, Italy) was used to extract DNA without previous DNA purification techniques. In this quick and simple method a flocked swab was stroked across the muscle tissue and subsequently submerged in 1 ml of MSwab™ medium, containing Tris HCl, EDTA, TRIS Base, Dimethyl Sulfoxide (DMSO), Bovine Serum Albumin and distilled water. Finally, the reaction tube was shaken by hand and 8 μl was used directly in the LAMP reaction.
DNA isolation
The DNA extraction of the muscle samples was performed with the commercial DNeasy 1 blood and tissue kit (Qiagen, Darmstadt, Germany), in accordance with the manufacturer's instructions, using the protocol "Purification of Total DNA from Animal Tissues (Spin-Column Protocol)". In brief, 25 mg of the red fox or dog muscle was mixed with 200 μl lysis buffer and 20 μl proteinase K and incubated. After lysis, the DNA was processed according to the manufacturer's instructions. All positive and negative DNA controls used during the validation and application of the LAMP assay were isolated from muscle samples.
To increase the sensitivity of the MSwab™ method mentioned above, the DNA from the MSwab™ medium was also extracted using the protocol "Purification of Total DNA from Animal Blood or Cells (Spin-Column Protocol)". Subsequently, the DNA concentration was measured with the spectrophotometer NanoDrop2000c (Thermo Fisher Scientific, Massachusetts, USA).
LAMP assay
The loop-mediated isothermal amplification assay was carried out with a real-time fluorometer (Genie 1 II, Optigene, United Kingdom). The Genie 1 II is a battery-powered and portable device with two heating blocks. In each heating block eight samples can be investigated simultaneously so that a total number of sixteen samples can be amplified at any one time. The device provides the opportunity to observe the amplification process in real-time on the screen and the analysis will be completed after 30 min. In accordance with the manufacturer's instructions, for each sample, 15 μl Isothermal Master Mix ISO-001 (Optigene, United Kingdom) was used with 0.4 μM of the F3-Primer and the B3-Primer. Furthermore, 0.8 μM of the LoopF-Primer and the LoopB-Primer and 1.6 μM of 
Limit of detection
To determine the limit of detection of the LAMP reaction, a serial dilution with DNA concentrations from 1.45E+04 pg/μl to 1.45E-05 pg/μl was prepared using red fox DNA, isolated from muscle tissue, and AE buffer (10 mM Tris-Cl, 0.5 mM EDTA; pH 9.0). The limit of detection was calculated based on a six-fold verification of the DNA serial dilution.
Sensitivity and specificity
The sensitivity is the proportion of true positive red fox samples that are correctly identified by the LAMP assay. The specificity is the proportion of true negative dog samples that are correctly identified by the LAMP assay [16] . To verify whether the primer set amplifies red fox DNA correctly as positive, muscle samples of five different animals were tested using the MSwab™ protocol. Three swab samples were taken from each thigh muscle sample. The specificity was determined to rule out that the specific primers amplify canine DNA. In each case, three swab samples of 19 muscle samples from different dogs were also tested with the MSwab™ method. Each swab was tested directly, without further DNA isolation, with the LAMP assay.
Spiking experiments
To verify whether the LAMP reaction was working properly under simulated in vivo conditions, a skin preparation (thickness 2 cm) of a harbour porpoise was manually incised with a scalpel (approx. 0.5 cm wide and 1 cm deep), imitating red fox bite marks. Subsequently, 10 μl of the isolated red fox DNA from one fold (mean DNA concentration 1.45E+04 pg/μl) to eight fold dilution (mean DNA concentration 1.45E-03 pg/μl) was pipetted thoroughly in the imitated bite mark lesions. After 10 minutes, the tissue was swabbed and the samples were amplified directly using LAMP without prior DNA isolation. The spiking procedure was repeated in triplicate with three independent serial dilutions.
Necropsy and application of the LAMP assay on a stranded harbour porpoise
One harbour porpoise carcass (Fig 2A) , which was presumably scavenged by a red fox (significant red fox related tracks were observed around the carcass) was collected from the coastline of Northern Germany (Sylt) in October 2016 and transported to the Institute for Terrestrial and Aquatic Wildlife Research in Büsum. The carcass was stored frozen (-20˚C) until the necropsy in December 2016. Before sampling, the carcass was thawed at room temperature for three days. During the necropsy, several sterile MSwab™ samples were taken from one large wound lesion. Prior to sampling, the dissecting table was treated with the DNA decontamination solution DNA-ExitusPlus™ (AppliChem GmbH, Darmstadt, Germany) to eliminate potential previous, undesirable DNA residues. To rule out contamination, the table surface was also tested for red fox DNA after this procedure. After sampling (Fig 2B) , the necropsy was performed according to Siebert et al. [17] .
The MSwab™ samples were analysed by LAMP after the necropsy without prior DNA extraction. Additionally, the DNA within the MSwab™ medium was purified and another LAMP reaction was performed to increase the sensitivity of the assay. Concerning the similarity of injuries of the grey seal and the red fox, in both runs the isolated DNA of a grey seal muscle was used as a negative control. Additionally isolated DNA of a dog muscle and isolated DNA of a harbour porpoise muscle were applied as negative control as well.
Finally, the LAMP products of the non-extracted and the extracted DNA were confirmed with gel electrophoresis. Additionally, four other stranded carcasses, including two harbour porpoises, one harbour seal and one grey seal were investigated for red fox DNA, using the developed LAMP assay.
Gel electrophoresis
To detect the LAMP amplicons, a gel electrophoresis was conducted with 8 μl of the LAMP products, using 2% agarose gel (peqGOLD Universal agarose gel, PeQlab, Erlangen, Germany) and Tris-Borat-EDTA-buffer (pH 8.4). A DNA marker for 50 bp-2 kb (Biozym, Hessisch Oldendorf, Germany) was used.
Results
Limit of detection, sensitivity and specificity
Typical amplification curves of the diluted red fox DNA, using the real-time fluorometer Genie 1 II, are shown in Fig 3A. The detection probability was 100% up to a DNA concentration of 1.45E-02 pg/μl with a detection time of 09:02 min (± 00:20 min) (Fig 3) . The detection probability dropped to 83% at a DNA concentration of 1.45E-03 pg/μl (mean detection time 13:12 minutes) (S2 Table) . The mean of the annealing temperature was 83.1˚C (± 0.1˚C). For the sensitivity, five muscle samples of different red foxes were tested directly (without DNA isolation) with the MSwab™ method. With the specific primer set each of the samples gave a correctly positive amplification. The mean of the detection time was 13:09 min (± 03:58 min) and the mean temperature of the annealing curve was 82.3˚C (± 0.2˚C). For the specificity a number of 57 MSwab™ samples of 19 different dog muscles were tested without further DNA isolation step. All samples were negative as tested.
Spiking experiments
The detection of the DNA of the first trial was possible up to the concentration 1.45E+02 pg/μl DNA/bite mark. The mean detection time in that case was 18:07 min (±01:07 min) ( Table 2) . The minimum DNA concentration of second trial which could be detected was 1.29E+03 pg/ μl DNA/bite mark and the mean detection time was 18:22 min (± 00:37 min). The third trial showed a detection time of 18:37 min (± 00:37 min) with a minimum concentration of 1.6E +03 pg/μl. None of the swab sample was extracted with a further DNA isolation step.
Necropsy
The female adult harbour porpoise, with a length of 159 cm, presented a large tissue defect in the right dorso-lateral side of the cranial part of the body. The defect extended from the caudal side of the blowhole to the area dorsal to the right front flipper, extending from the dorsum of the animal to the level of the right ramus of the mandible. The majority of skin, blubber and muscular tissue in the wound area was missing. The wound's margins in its left and cranial right side were regular, whereas the other edges were irregular. In several sites of the wound margin it was possible to detect triangular-shaped edges where the margin had a regular surface. 
Application of the LAMP assay on a stranded harbour porpoise
Initially, a total number of eight swabs were tested without DNA isolation ( Table 3 ). The three control swab samples of the dissecting table were all negative. Swabs 1, 2 and 3 did not show an amplification signal with the specific primer. However, the swab samples 4 and 5 were positive after 16:30 min and 15:45 min, respectively. The positive control was already detected after 5:30 min. All negative controls were not amplified with the selected primer set.
Besides the direct sample testing, DNA was isolated from the Mswab™ samples and subsequently tested with the LAMP assay (Table 3) . With this additional purification step, the DNA detection was possible in all bite mark samples. The results of both direct and isolated samples were confirmed by gel electrophoresis (Fig 4) . LAMP assay identifying red fox DNA in harbour porpoises
As expected, the detection time of the directly positive 4 and 5 swab samples was longer (swab no. 4 6:00 min longer and swab no. 5 3:30 min longer) than the detection time of the isolated DNA.
The other two investigated harbour porpoises, the harbour seal and the grey seal were negative for red fox DNA residues.
Discussion
The results of this project show that it is possible to detect red fox DNA residues in the wounds of a harbour porpoise, using the LAMP technology. In this case it was presumed to find red fox DNA in the bite marks, as significant tracks of a red fox were viewed around the stranded carcass. In the other four cases, of negatively tested marine mammals it was not known if a red fox visited the carcasses. These results indicate that no red fox was feeding on those carcasses or the DNA of the red fox in the bite marks was degraded.
On a Dutch coastline the red fox was identified as a scavenger with video-recording proof [7] . However, molecular biological identification of a predator can confirm an observation or identity of the predator without visual proof [18] . Besides that, the predation itself cannot be observed regularly anyhow, so a test based on DNA analysis is needed.
Confirmation of DNA residues in wounds is not an easy task and brings challenges for the sampling and analysis process. Although previous studies succeeded in isolating predator DNA of grey seals from wounds of harbour porpoises via PCR [3, 5] , this was not successful for detecting red fox DNA [1] . This shows that PCR analyses might not always be the method of choice when the objective is to detect scavenger DNA residues. A good alternative to PCR is the loop-mediated isothermal amplification assay. This relatively modern method is reported to be rapid and easy to apply [8] . LAMP is a highly specific method with particular high target selectivity, due to the fact that six primers bind to eight specific target sequences [9] , this being the main reason for using the LAMP technology in the present study. Additionally, the use of Genie 1 II as a portable detection device offers the possibility of performing analysis during field studies in areas where there is no easy access to laboratories. As DNA within wounds is very sensitive, this also has the advantage of avoiding degradation or contamination during the transportation process [19] . Another benefit of the LAMP assay is its greater sensitivity compared to the PCR [20, 21] . This plays an important role when working with saliva samples, as they contain relatively low quantities of DNA, but offer a good opportunity for solving forensic questions in wildlife areas [22] . Usually, the DNA must be isolated from a sample before initiating a PCR. With the LAMP assay in combination with a swab method, no further DNA extraction step is necessary and thus the swab samples can be tested directly and user-friendly [23] . Alongside red foxes, dogs are known to be potential scavengers of harbour porpoises and in some cases even the most abundant ones in Australia [1, 4, 5, 24] . As there is a close relation between the mitochondrial DNA of red foxes and dogs, the cytochrome b sequence of dogs was considered and successfully ruled out during the primer design and amplification process.
The results of our study confirm that taking DNA samples is an effective method to clarify forensic questions in the field of wildlife research, since we succeeded in detecting the DNA of Vulpes vulpes in the bite lesion of a stranded harbour porpoise. In various wildlife projects, researchers were able to show that saliva samples can be used to identify different predators. For example, DNA of coyotes [19, 25] or wolves [26] was detected in sheep carcasses. A substantial problem is that DNA originating from saliva is subject to different types of degradation, like enzymes, bacteria or weather conditions [27, 28] . Furthermore, Pääbo et al. [28] pointed out that low temperatures and dry conditions lead to a slower DNA degradation. Moreover, due to sea water there may be a dilution of the DNA.
Besides using the LAMP method, this may explain the unsuccessful evidence of red fox DNA via PCR in the project of Haelters et al. [1] and the negative results of the other four tested stranded marine mammals in this study in comparison to our positive results.
In this context, it has to be pointed out that in our study only two out of the five directly tested swab samples of the harbour porpoise carcass showed a positive amplification. This may be the result of a low DNA quantity due to degradation, as after DNA isolation of the swab samples and the associated higher yield or accessibility of DNA all samples were detected as positive.
We recommend to swab over the whole lesion or in the middle of the lesion as these were the locations of the directly positive swabs in our case. It can also be beneficial to take several samples within these locations or increase the amplification time from 20 to 30 minutes. In the performed application of the LAMP assay each sample of the dissecting table yielded negative results for red fox DNA residues. Thus, it is further recommended to take swab samples of the dissecting table as quality assurance and to avoid false positive results.
Although the MSwab™ method offers the advantage of direct DNA testing, it was astonishing that the detection limit in the spiking experiment was rather poor (1.45E+02 pg/μl) in comparison to 1.45E-03 pg/μl during the limit of detection testing. This shows that there is a significant DNA quantity lost during sampling because of a dilution in 1 ml MSwab™ medium and a huge matrix effect due to inhibitor factors like fat and blood within the wound lesion, making it even more difficult to catch particularly low concentrations of DNA residues within deep wounds. Nevertheless, with the stranded harbour porpoise we were able to demonstrate that the DNA quantity is still sufficient to detect red fox DNA with the MSwab™ under simulated in vivo conditions. Fast and specific DNA detection methods will always be a major topic for forensic studies and with the developed LAMP assay it is possible to detect the red fox as the scavenger of marine mammals. The field-use of the Genie 1 II fluorometer is simple as it is possible to blend the master mix in advance so there is only the need for the MSwab™, a pipette and the portable and battery-powered Genie 1 II device on-site. The samples can then be transferred directly into the LAMP assay to identify the scavenger or predator immediately but can also be purified to increase sensitivity.
Conclusion
The developed LAMP method is a valuable diagnostic tool for wildlife researchers to identify red fox DNA in carcasses of marine mammals. In this study we could successfully confirm that wound lesions, presumably caused by red fox bites, were actually red fox-related. The presented method can be performed on-site, fast and without the need for large laboratory equipment. 
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